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Abstract

Caspase-2, a highly conserved member of the caspase family, is considered an initiator caspase that triggers apop-
tosis in response to some cellular stresses. Previous studies suggest that an intracellular multi-protein complex
PIDDosome, induced by genotoxic stress, serves as a platform for caspase-2 activation. Due to caspase-2’s inability
to process effector caspases, however, the mechanism underlying caspase-2-mediated cell death upon PIDDosome
activation remains unclear. Here, we conducted an unbiased genome-wide genetic screen and identified that the
Bcl2 family protein BID is required for PIDDosome-induced, caspase-2-mediated apoptosis. PIDDosome-activated
caspase-2 directly and functionally processes BID to signal the mitochondrial pathway for apoptosis induction.
In addition, a designed chemical screen identified a compound, HUHS015, which specifically activates caspase-
2-mediated apoptosis. HUHS015-stimulated apoptosis also requires BID but is independent of the PIDDosome.
Through extensive structure-activity relationship efforts, we identified a derivative with a potency of ~60 nmo-
/L in activating caspase-2-mediated apoptosis. The HUHS015-series of compounds act as efficient agonists that
directly target the interdomain linker in caspase-2, representing a new mode of initiator caspase activation. Human
and mouse caspase-2 differ in two crucial residues in the linker, rendering a selectivity of the agonists for human
caspase-2. The caspase-2 agonists are valuable tools to explore the physiological roles of caspase-2-mediated cell
death and a base for developing small-molecule drugs for relevant diseases.
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Introduction and inflammatory caspases (Mcllwain et al., 2013; Van
Caspases are a family of evolutionarily conserved  Opdenbosch and Lamkanfi, 2019). Apoptotic caspases
cysteine proteases that play a crucial role in pro- are further divided into initiator and effector caspases.

grammed cell death and inflammation. Mammalian  Initiator caspases include caspase-8 and caspase-9,
caspases are classified into two major groups: apoptotic ~ Which mediate the extrinsic and intrinsic apoptosis,
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Figure 1. PIDDosome-mediated caspase-2 activation induces apoptosis in various cancer cell lines. (A) Doxycycline (Dox)-induced
expression of PIDD1-CC triggers cell death in multiple RAIDD/CASP2 double-positive cancer cell lines. ATP-based cell viability
measured at the indicated timepoint is shown. (B and C) Inducible expression of PIDD1-CC causes cell death and caspase-2 and
-3 activation in Jurkat and HL-60 cells. Jurkat and HL-60 cells were treated with dox for 5 h and 9 h, respectively. (B) ATP-based cell
viability and immunoblotting detecting caspase-2 and -3 processing in Jurkat and HL-60 cells are shown. (C) Representative flow
cytometry pseudo-color dotplots of propidium iodide and annexin V-stained Jurkat and HL-60 cells are shown. (D and E) RAIDD and



BID, the other six genes did not pass subsequent vali-
dation using their knockout cell lines (Fig. S3). Notably,
BID was targeted by all the 6 gRNAs with five of them
on the top of the ranking list (Fig. 2B). BID encodes a
BH3-only proapoptotic protein, belonging to the BCL-2
family. In PIDD1-CC-stimulated WT U937 cells, BID was
readily processed into a specific truncated form, concur-
rent with caspase-2 and caspase-3 activation and occur-
rence of apoptosis (Fig. 2C). Importantly, BID”~ in the
U937 cells did not affect the processing of caspase-2 but
abolished caspase-3 activation and apoptosis (Fig. 2C).
Re-expression of exogenous BID in the BID~ cells restored
caspase-3 processing as well as the cell death (Fig. 2C).
Thus, BID likely functions downstream of PIDDosome-
activated caspase-2, which is required for caspase-3 acti-
vation and subsequent apoptosis. It is worth noting that
BID was widely expressed in the 22 cancer cell lines (Fig.
S2C). The differential death responses in these cells to
PIDD1-CC expression did not correlate with BID expres-
sion, suggesting a regulation of PIDD1-CC-induced apop-
tosis by other known or unknown factors.

PIDDosome-activated caspase-2 cleaves BID

to activate intrinsic mitochondrial apoptosis
pathway

Previous studies have shown that extrinsic apoptotic
stimuli sensed by death receptors induce DISC in which
caspase-8 is activated by autoprocessing and further
processes caspase-3/7 to induce apoptosis (Boucher
et al., 2011; Stennicke et al., 1998). Active caspase-8
cleaves BID at D60 (Li et al., 1998); the truncated, active
form of BID (tBID) removes the inhibition of antiapop-
totic BCL-2 family proteins on BAX and BAK. Unleashed
BAX/BAK oligomerize together in the mitochondrial
outer membrane (MOM) and permeabilize the MOM to
release cytochrome c into the cytosol, initiating Apaf-1
and caspase-9-dependent intrinsic pathway of apoptosis
(Rodriguez and Lazebnik, 1999). We observed that com-
plementing the BID~~ cells with a BID D60E mutant com-
pletely diminished its processing, in which caspase-3
activation and cell death were both suppressed (Fig. 2C).
This suggests that PIDDosome-induced caspase-2 acti-
vation leads to a functional cleavage of BID at D60 which
governs subsequent caspase-3 activation and apoptosis.
Knockout of CASP8 in the U937 cells had little effects
on BID processing as well as caspase-2 and caspase-3
activation, and the stimulated CASP8” cells showed
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robust cell death comparable with thatin WT U937 cells
(Fig. 2D). Thus, BID is not processed by caspase-8 during
PIDDosome-stimulated apoptosis.

We investigated whether PIDDosome-activated
caspase-2 directly cleaves BID. Purified active caspase-2
was found capable of processing BID in vitro, which was
as efficient as the cleavage by caspase-8 and generated
the same-size truncated BID (Fig. 2E). This result clarifies
that caspase-2 could functionally process BID into tBID
(Bonzon et al., 2006; Upton et al., 2008; Wagner et al,,
2004). Meanwhile, unlike caspase-8, which could robustly
process full-length caspase-3 and -7 (the enzymati-
cally deficient C163A and C186A mutant, respectively),
caspase-2 could not cleave caspase-3/7 in vitro (Fig. S2D
and S2E). This agrees with the notion that caspase-2
induces caspase-3 activation and apoptosis through BID
in PIDDosome-stimulated cells (Fig. 2C). Consistently,
knockout of BAX and BAK in the PIDDosome-stimulated
U937 cells blocked caspase-3 activation without affect-
ing caspase-2 autoprocessing and the cleavage of BID
(Fig. 2F). In contrast, the BAX”"/BAK~~ U937 cells showed
intact caspase-8 cleavage of BID and caspase-3 activa-
tion upon TNFa plus cycloheximide (CHX) treatment
(Fig. S2F). Similarly, BAX~-/BAK~~ Hela cells were absent
from caspase-3 activation in response to PIDDosome
stimulation while TNFa plus CHX treatment bypassed
the requirement of the mitochondrial pathway to induce
caspase-3 activation (Fig. S2G). In both contexts, BID was
efficiently processed into tBID (Fig. S2G).

High-throughput screen identifies a compound
that can specifically trigger caspase-2-mediated
apoptosis

Specific chemical compounds are powerful tools for dis-
secting target-related signaling mechanisms in biological
contexts (Beck et al., 2022; Zhang et al., 2012). Prompted
by this notion and possibly to identify a compound that
could activate the PIDDosome, we designed a cell death-
based high-throughput chemical screen in Hela cells,
in which a triple knockout of CASP2, CASP3, and GSDMD
were constructed. CASP3 and GSDMD deficiency served
as the background to minimize compound-induced non-
specific cytotoxicity and undesired pyroptosis. Using the
triple knockout cells as the control, additional expression
of exogenous caspase-2 allows the identification of com-
pounds that can specifically activate the caspase-2-BID
pathway and trigger apoptosis through caspase-7. By

CASP?2 are both essential for PIDD1-CC-induced caspase-2 and -3 activation and cell death in Jurkat and HL-60 cells. Two RAIDD~
(KO) clones (D) and two CASP2-/~ (KO) clones (E) of Jurkat and HL-60 cells, as well as the knockout clones complemented with wild-
type (WT) RAIDD and caspase-2, respectively, were stimulated by dox-induced expression of PIDD1-CC. ATP-based cell viability and
immunoblotting detecting caspase-2 and -3 processing are shown. ATP-based cell viability in (B, D, and E) is expressed as mean =+ s.d.
from three technical replicates. All data are representative of three independent experiments.
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